ABSTRACT: From a vibrationally corrected 3D potential energy surface determined with highly correlated ab initio calculations (CCSD(T)), the lowest vibrational energies of two dimethyl-ether isotopologues, 12 CH 3 -16 0-12 CD 3 (DMEd 3 ) and 12 CD 3 -16 0-12 CD 3 (DME-d 6 ), are computed variationally. The levels that can be populated at very low temperatures correspond to the COC-bending and the two methyl torsional modes. Molecular symmetry groups are used for the classification of levels and torsional splittings. DME-d 6 belongs to the G 36 group, as the most abundant isotopologue 12 CH 3 -16 0-12 CH 3 (DME-iiJ, while DME-A, is a G 18 species. Previous assignments of experimental Raman and far-infrared spectra are discussed from an effective Hamiltonian obtained after refining the ab initio parameters. Because a good agreement between calculated and experimental transition frequencies is reached, new assignments are proposed for various combination bands corresponding to the two deuterated isotopologues and for the 020 ->• 030 transition of DME-d 6 . Vibrationally corrected potential energy barriers, structural parameters, and anharmonic spectroscopic parameters are provided. For the 3N -9 neglected vibrational modes, harmonic and anharmonic fundamental frequencies are obtained using second-order perturbation theory by means of CCSD and MP2 force fields. Fermi resonances between the COC-bending and the torsional modes modify DME-d 3 intensities and the band positions of the torsional overtones.
• INTRODUCTION
It is expected that DME isotopologues are relevant interstellar molecular species because DME represents the most abundant ether in the gas-phase extraterrestrial sources. Since its first detection in emission from the Orion Nebula by Snyder et al. in 1974 , it represents a common molecule of astrophysical surveys. However, surveys contain many spectral lines whose identification requires the completion of molecular catalogs. Spectral lines come from sources where very well known molecules coexist with uncharacterized species and with already detected ones that are not fully described. In the case of DME, only the vibrational ground state and three fundamental stretching bands of the most abundant isotopologue have been explored, ~ although presumably some of their isotopologues containing either deuterium or 13 C could be identified in the interstellar medium. Many facts concerning their abundances in hot core regions are expected to be clarified with the new observatory ALMA, which was devised as a key instrument for their studies. The temperature of these regions varies from 100 to 300 K, which allows one to contain vibrationally excited molecules.
From the theoretical point of view, DME is a nonrigid molecule whose potential energy surface (PES) contains nine minima ~ that split the vibrational term values. The two torsional modes present very low energy levels that can be populated at low temperatures, such as those of hot cores. For this reason, a suitable astrophysical modeling also requires information relative to the excited torsional levels, and hence, new spectral measurements are necessary. Besides, highly correlated theoretical methods could be very helpful in the assignment task. Ab initio calculations can discern the role played by the COC-bending mode in the torsional spectra. It is well-known that in DME-/z 6 , Fermi interactions shift the torsional overtones significantly. As isotopic substitution varies the relative positions of bands, the strength of the Fermi resonances could also change.
Recently, an accurate three-dimensional potential energy surface (3D-PES) of dimethyl-ether (DME) was computed for the analysis of torsional band structures.
The 3D-PES depending on the COC-bending and the two methyl group torsional coordinates was calculated using highly correlated ab initio methods (CCSD and CCSD(T)). In ref 11 , information about DME minimum-energy geometries, potential energy barriers, and anharmonic spectroscopic fundamental frequencies are provided.
From the recently computed DME 3D-PES, vibrational energy levels and transitions corresponding to the IR and Raman spectra in the far-infrared region were determined successfully for the most abundant isotopologue 12 CH 3 -16 0-12 CH 3 (DME-/z 6 ). The main objective of the previous work was to produce and to test a tool, the 3D-PES, adequate for further interpretations of the unexplored spectra of the DME isotopologues. The application to DME-/z 6 represented the first test of accuracy.
In the present paper, we analyze two DME isotopologues containing deuterium, 12 CD 3 -16 0-12 CD 3 (DME-d 6 ) and 12 CH 3 -16 0-12 CD 3 (DME-d 3 ), of which far-infrared and microwave spectra were recorded by Groner and Durig in the 1970s. 5 ' 14 Here, we review the former spectral assignments from a different point of view, the one provided by accurate ab initio calculations. In addition, as some experimental data are available, this work represents a new test to scrutinize the accuracy of our CCSD(T) 3D-PES. 11 The precision of our PES needs to be well-defined before using it for helping assignments of the unexplored DME isotopologues.
In previous papers, 11, 13 we showed that Fermi interactions force us to use a 3D model to obtain accurate band structures. In the present paper, we have applied it for the study of two deuterated species using our previously calculated 3D-PES and our full-dimensional anharmonic force field. Some vibrational corrections, such as the zero-point vibrational energy correction, are first determined because they are massdependent. Thus, in the first section, we discuss the new ab initio results and some theoretical aspects such as the symmetry classification of the isotopic species. In the second section, we present the spectroscopic parameters and a discussion about the assignments and intensities of the vibrational transitions for both deuterated species. We provide MP2 harmonic and harmonic fundamentals and many spectroscopic parameters determined using second-order perturbation theory as well as CCSD harmonic fundamentals for the 21 vibrational modes. The levels of the three low-lying frequency modes (the COCbending and the clockwise-clockwise and clockwise-counterclockwise torsional modes) are calculated variationally. From the energy levels, we discuss previous assignments, and we propose interpretations for unassigned transitions.
• THEORETICAL ASPECTS AND COMPUTATIONAL DETAILS
In previous papers, ~ we studied a three-dimensional (3D) model for understanding of DME far-infrared spectra. Then, the 3D Hamiltonian can be defined as where a, 6 h and 6 2 are the three independent coordinates, the COC-bending and the two torsional coordinates (for their definitions, see Figure l ). In our previous paper, we detailed Figure 1 . DME at the equilibrium geometry. Independent coordinates a, 0 y and 6 2 .
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how to obtain Q x and 6 2 using a totally symmetric linear combination of the H4C201C3, H5C201C3, and H6C201C3 (or H7C201C3, H8C201C3, and H9C201C3) dihedral angles.
In eq 1, the first term that depends on the B^ parameters (the G matrix elements in cm -1 ) is a 3D kinetic energy operator T 3D ; V(a,0 ]; 0 2 ), V{(xfiM, and V^a^A) represent the PES, the "Podolsky pseudopotential", and the zero-point vibrational energy correction, respectively. '
The aim of the present paper is the study of two deuterated isotopologues DME-d 6 and DME-d 3 . DME-d 6 can be classified in the G 36 molecular symmetry group (MSG), such as the most abundant species DME-/z 6 
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where the indexes a, b, c and d in the stand for each component of a degenerate irreducible representation. The V(a,6 v 6 2 ) PES is isotopically invariant. For this reason, in this paper, we employ the very accurate PES calculated for the DME-/z 6 isotopologue study. The PES was determined at the ground electronic state from the energies of 126 molecular conformations defined for selected values of the independent coordinates covering the broad region around the minima. The remaining 18 coordinates were allowed to be relaxed in each molecular conformation. To obtain realistic spectroscopic parameters, we have searched for a correct definition of the torsional coordinates. Energies and molecular geometries were determined with coupled cluster theory using both single and double substitutions. To improve the energies, single-point calculations were performed adding triple excitations noniteratively (CCSD(T)) on the CCSD geometries. Long-range effects such as the intramolecular nonbonding interactions are well-described because the augmented aug-cc-pVTZ basis set was employed in all of the computations. We used the following analytical expression for the PES: 
where the sum neglects the two torsional and the COCbending modes (n = 3). The vibrational MP2 correction of the 3D-PES is determined in the present paper for each isotopologue using Gaussian 09 and 126 geometries optimized at the MP2/aug-cc-pVTZ level. Individual values of the ZPVE correction corresponding to the 126 conformations are fitted to a totally symmetric series similar to eq 2:
where A MNL = A MLN for DME-á 6 and A MNL / A" for DME-á 3 . The 3D Hamiltonian is solved variationally using ENEDIM code.
a As a basis set, we use symmetry-adapted eigenvectors derived from the product of the double Fourier series for the torsional angles and the solutions of the harmonic oscillator for the COC-bending angle. The convergence of the levels is reached only too well for the accuracy of the available experimental data with a Hamiltonian matrix of dimension 28350 (45 X 45 torsional functions and 14 bending harmonic functions). For DME-d 6 , the matrix factorizes into 16 blocks whose dimensions are 896 (Aj, 784 (A 2 and A 3 ), 686^), 1680 (Ei and E 3 ), 1470 (E 2 and E 4 ), and 3150 (G); for DME-& y the dimensions are 1582 (Aj, 1568 (A 2 ), and 3150 (E 1; E 2 , E 3 , and E 4 ). This basis set is larger than the one used in our previous paper for DME-/i 6 because we provide excited levels up to v = 5.
Infrared intensities in the absorption spectrum for the c-type transitions, which shows strong Q;branches, are determined by a.
<.
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In this expression, (E¡ and E ( ) and (</>¡ and tp{) are the energies and the wave functions of initial and final levels involved in the transition. Coefficients Q and C f are the Boltzmann fractional populations of the two states at a given temperature T, e is the electron charge, g represents the nuclear spin statistical weight, R is the average distance among the hydrogen atoms in the methyl top and the internal rotation axis, and B is the average internal rotation constants (for definitions, see ref 12
fi c is the c-principal axis (out-of-plane) component of the dipole moment. The dipole moment components are calculated for the previously mentioned 126 geometries with the MP2/aug-cc-pVTZ level using the Gaussian package. Individual values of fi c are fitted to a series that carries a A 2 symmetry for both isotopologues, DMEd 6 and DME-d 3 , with G 36 and G 18 molecular symmetry groups, respectively. The symmetry loss of DME coming from the partial deuteration in DME-(i 3 has an effect on the symmetry properties of the a and b components of the dipole moment but not on the out-of-plane component. Selection rules for DME-d 6 are defined in refs 12 and 17. For DME-(i 3 , they can be deduced using the correlation table.
To determine spectroscopic parameters corresponding to the remaining 3N -9 coordinates, the full-dimensional anharmonic spectroscopic analysis was performed with second-order perturbation theory (PT2) implemented in FIT-ESPEC. The starting point was a CCSD quadratic force field and cubic and quartic force fields determined with second-order MollerPlesset theory (MP2).
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• RESULTS AND DISCUSSION
The DME structure and the 3D-PES are discussed in ref 11 . In the present paper, we provide some mass-dependent properties of both deuterated DME species under study. Tables 1 and 2 summarize relevant results of the full-dimensional anharmonic analysis for both isotopologues performed using second-order perturbation theory. Table 3 shows their rotational constants and their effective torsional barriers. Table 4 displays the significant parameters of the torsion-torsion-bending Hamiltonian, and Tables 5-7 contain the relative intensities and the vibrational transition frequencies calculated variationally. Relative intensities are determined at room temperature (300 K), at a very low temperature (lOK) feasible in the interstellar medium (ISM), and at 200 K, which represents an average temperature of hot cores. Figure 2 allows comparison of the FIR spectrum at these three temperatures.
Full-Dimensional Anharmonic Analysis. Although accurate calculations of torsional energies and splittings demand a variational treatment, the PT2 full-dimensional anharmonic analysis supplies information about the neglected vibrational modes and the first approximate values for the COC-bending and torsional fundamental frequencies (see Tables 1 and 2 ). This analysis allows us to predict interactions between large and small vibrational modes and to validate the 3D model.
Then, we use the CCSD/aug-cc-pVTZ harmonic force field and the MP2/aug-cc-pVTZ anharmonic force field, determined in ref 11 , to obtain DME-d 6 , DME-d 6 , and DME-d 3 fundamental bands (see Table l ) and rotational and quartic centrifugal distortion constants (see Table 2 ). In Table 1 , the vibrational frequencies are classified using the irreducible representations of the C 2v (DME-(i 6 and DME-d 6 ) and C s to (cm -1 )
•JJIJ Figure 2 . Simulation of the FIR spectra of DME-/i 6 , DME-d 3 , and DME-d 6 species at 300, 200, and 10 K.
(DME-á 3 ) point groups. Isotopic effects can be derived by comparing the results of the deuterated species with those of DME-ii 6 . Vibrational bands displaced more than 10 cm -1 by Fermi resonances are highlighted in boldface. They correspond to the H-stretching modes. In Table 2 , the rotational constants are compared with those of Durig et al. that were fitted from the experimental spectra. Observed centrifugal distortion constants come from millimeter spectroscopy.
For the COC-bending mode, the CCSD harmonic frequencies are calculated with values v 7 = 421 cm -1 (DMEh 6 ), v 7 = 355 cm" 1 (DME-d 6 ), and i/ 13 = 387 cm" 1 (DME-d 3 ). They present differences of 4, 3, and 4 cm" 1 with respect the MP2 harmonic ones, respectively. MP2 anharmonic band centers are found to be v 7 = 410 cm" 1 (DME-ii 6 ), v 7 = 335 cm" 1 (DME-d 6 ), and v n = 368 cm" 1 (DME-d 3 ) at -2, -6, and -5 cm" from the experimental values (v 7 = 412 cm" (DMEh 6 ), v 7 = 341 cm" 1 (DME-d 6 ), and i/ 13 = 373 cm" 1 (DMEd 3 ) ). PT2 and the MP2 force field reproduce accurately the band position shifts when isotopic substitutions with deuterium are carried out.
For the computed torsional frequencies, it is noticed that electron correlation (CCSD level of theory) decreases their values with respect to those obtained with a MP2 force field. MP2 anharmonic fundamental frequencies are calculated to be i/ ls = 246 cm" 1 and i/ u = 202 cm" 1 (DME-h 6 ), i/ ls = 192 cm" 1 and i/ u = 148 cm" 1 (DME-á 6 ), and v 20 = 225 cm" 1 and v 2l = 172 cm" 1 (DME-á 3 ). The corresponding experimental values were observed at i/ ls = 241.0 cm" 1 (DME-iiJ, i/ ls = 188.6 cm" 1 (DME-d 6 ), and v 20 = 223.9 cm" 1 and i/ 21 = 162.0 cm" 1 (DME- Table 2 also shows predicted Fermi displacements of the torsional and bending levels. Strong interactions between torsional overtones and the COC-bending fundamental are expected for the three isotopic varieties. A negligible effect on the DME-á 6 2v n overtone is obtained.
Raman and Far-Infrared Spectra. The lowest vibrational energy levels are calculated by solving variationally the 3D Hamiltonian (eq l). For both DME-á 6 and DME-á 3 , the levels split by a tunneling effect in the potential barriers into nine components corresponding to the nine wells of the PES. For DME-á 6 , splitting components transform as the A¡, E¡ (i = 1 -4), and G symmetry representations, whereas for DME-(i 3 , they transform as A 1; A 2 , E 1; E 2 , E 3 , and E 4 . For both isotopologues, below 800 cm" , splitting energy differences are in general lower than 0.1 cm" . Table 3 shows the effective torsional one-dimensional (ID) and two-dimensional (2D) barriers V 060 and V 6060 , which stand for the energy differences V 060 = ^(«,0,60) -^(«,0,0) and V 6060 = V^óO^O) -V^faOfl) for a = 0°, respectively. The effective potential V 6 has mass-dependent parameters because it depends on vibrationally corrected energies (V s = V + V + V). Whereas V is negligible, the ZPVE correction is important. Without ZPVE, V 060 = 921 cm" 1 and V 6060 = 1966 cm" 1 . The difference V 6060 -2V 060 measures the interaction between the two torsional modes, which is larger for DME-(i 3 , the most asymmetric isotopologue. The effect of isotopic substitution on torsional frequencies and parameters has been discussed previously in our papers about acetic acid isomers. ~ By comparing alike molecules containing methyl groups, it is evident that the relative positions of V 6060 and V 060 clearly depend on molecular symmetry and geometrical parameters. ' ' ' In DME, the two methyl groups interact strongly. This interaction is a function of the COC angle through the nonbonding interactions between H atoms of different methyl groups.
In Table 4 , the most significant parameters of the effective PES V^ are shown (V^a,^,^) = V(a,0 h 0 2 ) + V(a,0 h 0 2 ) + V ZFVE (a,0 v 0 2 )) (eq 2). The PES was obtained by fitting the (B aa ) of the COC-bending wave function. -'Factor (eq 6) for DME-/i 6 = 1.9S.
126 energies to a symmetry-adapted function. As the 126 conformations were selected taking into consideration energetic and symmetry criteria, the fit is very accurate (R 2 = 1, a = 0.62 cm -1 ). A 200 represents the harmonic term of the ID COCbending potential; A 010 and A 001 depend directly on the torsional barrier height, V 060 , and A 011 and B on are interaction term coefficients between both torsional modes. B on , is the sin 3#! sin 30 2 coefficient that collects the energy difference between the two torsional modes, clockwise-clockwise and clockwise-counterclockwise. In the same table, some independent coefficients of the kinetic energy parameters are presented as the y parameter of the harmonic oscillator solutions and the Factor parameters used for the PES refinement (see below). The Factor values are taken as zero for pure ab initio cases without any further refinement.
In Tables 5-7 , calculated Raman and FIR transitions are compared with previously observed and assigned bands, which are in boldface. IR spectra at 300, 200, and 10 K are also shown and represented in Figure. 2 for T)ME-h 6 , T)ME-d 6 , and DME-á 3 . The intensities are presented relative to the strongest band of each isotopologue. In general, there is a good agreement between calculated and observed band positions for all isotopologues, especially for DME-d 3 .
The effect of the ZPVE correction on the fundamental transitions is very small. This correction displaces the bending fundamental less than 1 cm -1 and the torsional ones less than 4
In our previous paper, we showed that the first source of deviations between observed and ab initio data is our definition of the COC-bending. The accuracy was better for the torsional transitions than that for bending ones. When we identified the COC-bending vibrational coordinate, which depends on 3N -6 internal coordinates, with the COC angle a, the contribution of the in-plane HCO angles was missing. This neglect brought in an error that is larger for heavy deuterated species. For DME-/i 6 , we determined the frequency with a residual of 9 cm -1 for the vibrational mode v 7 . For DME-á 6 and DME-á 3 , we calculated the COC-bending fundamental frequencies at 358.1 cm" 1 (DME-d 6 ) and 396.2 cm" 1 (DME-d 3 ), whereas their experimental bands, observed in the Raman spectra, lie at 341.0 and 373.0 cm" 1 .
14 Therefore, to explore the concrete source of deviations, we have adjusted the PES defining a new a' coordinate a + Factor*a/100 (6) which corrects the contribution of the internal a angle to the normal COC-bending coordinate a'. Hence, the B aa kinetic parameter also needs to be corrected in all of the conformations (e.g., B aa ' = B aa -Factor*B atz /100).
By using the set of a', 0 V 6 2 coordinates instead of the original set a, 6 X , 0 2 for the fitting of the CCSD(T) electronic energies, a new PES is obtained where A 200 is clearly modified. For DME-/j 6 , DME-á 3 , and DME-á 6 species, Factor needs to be 1.954, 3.654, and 4.754, which represent coordinate corrections lower than 2, 4, and 5%, respectively. The new fitting surface places the COC-bending fundamental frequencies at 341.1 cm" 1 (DME-á 6 ) and 373.1 cm" 1 (DME-á 3 ), veryclose to the observed values (341.0 and 373.0 cm , respectively).
Once a new PES is obtained after replacing a by a', a single coefficient is also shifted for each isotopologue, B on for DMEd 6 and A 010 (keeping A 010 = A 001 for the potential term V) for DME-d 3 , to obtain very accurate torsional energies. Thus, the definitive adjusted PES (V ADJ ) reproduces accurately both bending and torsional frequencies. In Table 4 , the most significant pure ab initio parameters of the Hamiltonian are compared with those obtained after refinement for the species under study. As the adjusted surfaces lead to very accurate energies, they can be used as starting points for future assignments and fittings of new experimental values. DME-d 6 . For DME-á 6 , only a fundamental transition (v ls , 000 -+010) is IR-active. CCSD(T) calculations place it at 192.8 cm"
1 , close to experimental value of 188.6 cm" Ai -• A2 Relative intensity obtained from eq S for the infrared symm. Calculated relative intensities at 300 K can help with the labeling of the levels. With the exception of the first sequence 010 -+ 020, the intensities of the 0,n,0 -+ 0,n+l,0 bands decreases with n. At ISM temperatures (10 K), the 000 -+ 010 transition presents the strongest observed Q;branch, which is the single observed one (see Figure 2) . At 300 K, some transitions involving excited COC-bending levels and excited torsional levels also present significant intensities. The intensity enhancement can be related to the Fermi resonances. In 1977, Groner and Durig suggested that an explanation of the unassigned patterns of bands could come from Fermi resonances.
Our calculations predict that the IR combination band 110 -+ 120 and the "hot" band 001 -+ 011 lie at 190.3 and 174.8 cm -1 , respectively. Those are relatively intense bands at 300 K. Therefore, they could be assigned to the bands observed at 187.4 and 174.1 cm" 1 , respectively. 14 The Raman 100 -+ 310 and 200 ->• 400 overtones are predicted at 277.5 and around 266 cm" 1 . DME-c/3. The symmetry breaking produced by the partial deuteration of DME (DME-á 3 ) gives rise to a very complex spectrum. For this species, both torsional modes are infraredactive, although the largest intensities correspond to v 2a band series while v 21 band series are really weak. In fact, at 300 K, the strongest transition line corresponds to the v 20 fundamental. "Hot" transitions also show large intensities, and as for DMEd 6 , the intensity enhancement can be related to the Fermi resonances.
In 1977, Groner and Durig observed many lines, whereas only nine infrared transitions, three corresponding to the v 20 mode, four to the v 2l mode, and two combination bands, were assigned. From the CCSD(T) surface, the two fundamental frequencies were calculated at 227.0 and 163.0 cm" 1 , very close to the experimental values of 223.9 and 162.0 cm" 1 . The adjusted potential computed them at 225.5 and 162.0 cm" 1 .
Generally, there is a very good agreement between calculations and observations. For example, the first sequence In the Raman spectrum, the two overtones 2ÍV 20 and 2ÍV 21 have been calculated at 448.8 and 318.2 cm -1 with the pure ab initio PES and at 442.8 and 316.1 cm -1 with the adjusted assignments to the bands m" 1 . The potential. These data confirm observed at 442.0 and 316.5 cm -1 . The good agreement between observation and calculations has allowed us to propose the assignment of one band observed at 422.5 cm -1 to the 020 ->• 040 transition calculated at 424.5 cm -1 . Two-Dimensional PESs. The aim of these series of papers focused on DME isotopologues is to help future experimental studies. For two-rotor problems, many experimental spectral studies are performed using 2D effective Hamiltonians depending on the torsional coordinates. In the case of DME, a 2D-PES can be useful for the two fundamental bands for which Fermi interactions with the COC-bending are negligible. However, to obtain empirically a 2D-PES is not easy for G 36 species. For those, a unique torsional mode is infrared-active, and the only available experimental data corresponding to the second torsional mode is the position of the overtone in the the zero-point vibrational energy level. We obtain 111.3° for + 1 71 fi,ñ fi,ñ -\-«04 DME-/j 6 , 111.9° for DME-á 6 , and 112.0° for DME-A,. Using these values in the adjusted 3D-PES we obtain sin 36?! sin 3é> 2 , for DME-fy 
• CONCLUSIONS
In this paper, a vibrationally corrected 3D-PES calculated for the analysis of DME-/i 6 far-infrared spectra is employed to determine low vibrational energy levels of two deuterated species DME-á 3 and DME-á 6 . The ab initio results as well as the levels calculated variationally from an adjusted PES are employed to discuss previous assignments of experimental spectra. Symmetry groups are employed to reduce computational expenses and for level and splittings assignments. For DME-á 6 , splitting components transform as A¡, E¡ (i = 1-4), and G irreducible representations of the G 36 groups, whereas for DME-á 3 , they transform as A 1; A 2 , E 1; E 2 , E 3 , and E 4 of the G 18 group. For both species, below 800 cm -1 , splitting energydifferences are in general lower than 0.1 cm -1 .
For DME-á 6 , only a fundamental transition (V 15 , 000 ->• 010) is IR-active. CCSD(T) calculations place it at 192.8 cm -1 , close to experimental value of 188.6 cm -1 . In general, our calculations confirm previous assignments. As the agreement between observation and calculations is good, we have proposed assignments for the combination band 110 -^ 120 and the "hot" 001 -» 011 transitions. For DME-á 3 , we have proposed assignments for several bands including the unassigned 020 ->• 030 transition.
Further infrared and Raman spectral recordings of higher accuracy would be welcome in order to work out the assignments of the transitions involving the torsional and COC-bending states.
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